A gene coding for a major extracellular chitosanase was isolated from Aspergillus oryzae IAM2660. It had a multi-domain structure composed of a signal peptide, a catalytic domain, Thr-and Pro-rich linkers, and repeated peptides (the R3 domain) from the N-terminus. The R3 domain bound to insoluble powder chitosan, but it did not promote the hydrolysis rate of the chitosanase to any extent.
Chitosanases (E.C.3.2.1.132) catalyzing the endo-type cleavage of chitosan are produced by various bacteria and fungi. Most bacterial chitosanases are inducible by the substrate chitosan and play roles in the degradation and utilization of exogenous chitosan. In contrast, the physiological role of fungal chitosanases is unclear, since exogenously added chitosan cannot be utilized as carbon source by most fungi. 1, 2) Chitin is an important component of the cell walls of fungi and its deacetylated form, chitosan, is also found in a limited group of fungi.
3) Hence, one plausible explanation of the physiological role of fungal chitosanases is that they are involved in the processes of cell division and autolysis through degradation of the deacetylated portion of the chitin polymer in their cell walls. 1) The primary sequences of fungal chitosanases are similar to each other, but show no similarity to those of bacterial chitosanases, indicating that fungal chitosanases have an evolutionary origin distinct from those of their bacterial counterparts. At present, fungal chitosanases are classified into family 75 of glycosyl hydrolases based on the conservative amino acid sequences in the vicinity of the catalytic center. 4) The koji mold Aspergillus oryzae has long been used in a production of fermented foods (sake, soy sauce, and soybean paste) in Japan, because it is a strong producer of amylases and proteases. We have reported that A. oryzae strain IAM2660 also secrets a large amount of chitosan-degrading enzymes in culture fluid, in an apparently constitutive manner. 5) Two major chitosanolytic enzymes, chitosanase and exo--D-glucosaminidase, have been purified and characterized from culture fluid of the fungus. 5) Two genes coding for putative chitosanases (csnA and csnB) had been isolated from the fungus, but they did not correspond to the purified extracellular chitosanase. 6) Here, we report the isolation of the third gene (csnC) coding for a major extracellular chitosanase, and a functional analysis of a unique domain composed of repeated peptides located in the C-terminus.
Two oligonucleotides were designed based on partial amino acid sequences determined from the purified extracellular chitosanase, DVDTDGLNHGTKGNPDG-QKETN and ARTTFPKEDLNGNKGHTAADVTYI-VFTGDK.
5) The resulting sense primer, 5 0 -AAYCAY-GGNACNAARGG-3 0 , and antisense primer, 5 0 -GCG-AAGCTTARRTCYTCYTTNGGRAA-3 0 , were used to PCR-amplify the DNA fragment corresponding to the partial csnC using A. oryzae IAM2660 chromosomal DNA as template. Determination of nucleotide sequences of the amplified DNA fragment (320 bp) revealed that it codes for a polypeptide containing the amino acid sequences indicated above. This DNA fragment was used as probe to isolate recombinant phage clones containing the full-length csnC from the genomic library.
6) The numbers and positions of introns were confirmed by comparing the nucleotide sequences of the genomic DNA and of the cDNA corresponding to the entire ORF obtained by reverse transcription (RT)-PCR.
The complete nucleotide sequence of csnC was determined and has been deposited in the DDBJ database under accession no. AB159785. The deduced ORF encoded a polypeptide of 385 amino acid residues with a calculated molecular mass of 37.3 kDa. The csnC ORF was interrupted by seven introns (52 bp to 100 bp in length), and all of the introns contained the 5 0 and 3 0 border sequences and the putative lariat sequences that are typical of introns in genes of filamentous fungi. 7) An analysis of the N-terminal amino acid sequence using SIGNALP software (http://www.cbs.dtu.dk/services/ SignalP/) estimated a signal peptide sequence comprised of 22 amino acids with high fidelity. The whole genome sequence has been reported for A. oryzae strain RIB40. 8) The three genes corresponding to csnA, csnB, and csnC (more than 99% identity) are located on chromosomes VI, VII, and V, respectively. No other homologous gene was found in the genome of RIB40, indicating that y To whom correspondence should be addressed. Tel/Fax: +81-268-21-5341; E-mail: mashimo@shinshu-u.ac.jp Abbreviations: R3 domain, a domain composed of thrice repeated short peptides; CBD, carbohydrate-binding domain A. oryzae possesses three genes coding for family 75 chitosanases.
The amino acid sequences of the two chitosanases (CsnA and CsnB) were very similar to each other (more than 80% identity along the entire length). On the contrary, the similarity of CsnC is restricted to the center region containing the two conservative amino acid residues, Glu and Asp, that are indispensable to the catalytic function of family 75 chitosanases (Fig. 1) . 9, 10) CsnC had a unique domain at the Cterminus, which was joined to the catalytic domain by a linker rich in Thr and Pro residues (Fig. 1 ). This domain (named R3) was composed of three tandemrepeated peptides (30-32 residues in length). A Blast search using the amino acid sequence of the repeating unit revealed that similar domains were distributed in the C-terminus of a limited member of fungal chitosanases, although a number of repetitions are different among them. For example, chitosanases from Fusarium solani (accession no. AB090326) 11) and Penicillium chrysogenum (AM920427) have a single unit, and those from Aspergillus terreus (CH476595) and Chaetomium globosum (CH408032) have two repeating units, whereas a domain comprised of three repeating units is found in A. fumigutus (DS027049) as well as A. oryzae. Carbohydrate-binding domains (CBDs) are often found in polysaccharide-degrading enzymes, which help to promote hydrolytic reactions of the enzymes, especially toward insoluble substrates. CBDs are often found in cellulases and chitinases. The presence of CBDs has been reported only in the chitosanase of a bacterium, Paenibacillus fukuinensis, to date. 12) Hence we examined whether the R3 domain has binding ability for the insoluble substrate chitosan.
We used the expression system of the yeast Pichia pastoris to obtain recombinant proteins corresponding to the whole ORF without a putative signal peptide (rCsnC), a truncated form devoid of the R3 domain (rCsnCÁ R3), and the R3 domain alone (rR3) (Fig. 2) . The various cDNAs were PCR-amplified and inserted into P. pastoris expression plasmid vector pPICZA. To adjust the reading frames in joint regions, suitable restriction sites were added at the 5 0 termini of the designed PCR primers. P. pastoris X-33 cells possessing the recombinant plasmids were grown in BMMY medium, and expression of the recombinant proteins was induced by feeding methanol, as described in the protocol of the Pichia expression kit we used (Invitrogen, Carlsbad, CA). Recombinant proteins fused to the polyhistidine tag at the C-terminus were purified from crude proteins in culture using a His Trap HP Kit (Amersham Bioscience, Uppsala, Sweden).
The various purified recombinant proteins were analyzed by SDS-PAGE. The migration distance of rCsnC and rR3 was much different in the presence and the absence of the reducing reagent, 2-mercaptoethanol, that was used in pre-treatment of the proteins, while that of rCsnCÁR3 was almost identical under the two conditions (Fig. 2) . Since the R3 domain is rich in Cys residues, S-S bonds were probably formed within the * * A, The regions of high amino acid sequence similarity (more than 70%) among the three polypeptides are gray-boxed. Solid boxes indicate signal sequences. The three boxes with arrows represent repeated peptide sequences (the R3 domain). The hatched box shows a Pro-, Thr-rich linker region. The two conserved residues (Glu and Asp) indispensable for the catalysis of family 75 chitosnases are asterisked. Numerals indicate the positions of amino acid residues starting from the initial codon. B, Amino acid sequences of repeated short peptides with residue numbers starting from the initial codon. Conserved residues are gray-boxed, and conserved Cys residues are shown by #. A, Structure of recombinant proteins expressed in P. pastoris. Each box is identical to that shown in Fig. 1 . The symbol 6 Â His denotes a polyhistidine tag used in purification by affinity chromatography. B, SDS-PAGE of the purified recombinant proteins, rCsnC (lanes 1 and 2), rCsnCÁR3 (lanes 3 and 4), and rR3 (lanes 5 and 6). Protein samples were pre-treated in the presence (lanes 2, 4, and 6) and the absence (lanes 1, 3, and 5) of 2-mercaptpethnaol before electrophoresis. Lane M, molecular weight marker.
domain, resulting in shifts in the migration distance on SDS-PAGE.
The binding ability of the recombinant proteins toward insoluble powder chitosan was examined. Both the rCsnC and the rR3 recombinant protein significantly bound to chitosan, while rCsnCÁR3 did not bind at all under the conditions imposed (Fig. 3) . This indicates that the R3 domain has the ability to bind to insoluble chitosan. This binding might be caused by electrostatic force between the acidic amino acid residues (Glu and Asp) in the R3 domains and the positively charged amino groups in chitosan, since the adsorbed proteins were removed by washing with 1 M NaCl (data not shown). The two recombinant proteins, rCsnC and rCsnCÁR3 were compared for hydrolyzing activities toward various substrates by measurement of the amounts of reducing sugars liberated during the reaction. 13) We did not detect any differences in reaction rates for any of substrates tested, including soluble chitosan (deacetylation degrees, 70% and 100%), glycol chitosan, powder chitosan, and flake chitosan (data not shown).
In conclusion, a novel R3 domain of A. oryzae exracellular chitosanase had a binding ability toward insoluble chitosan, but did not show any accelerating effect on the degradation rate. Similar domains are conserved among a limited member of fungal chitosanases. It remains to be determined whether these domains have any other roles that facilitate the catalytic function or stability of these enzymes. Three mg of powder chitosan (degree of deacetylation, 100%) was mixed with 2 mg of each recombinant protein in 30 mL of 20 mM Tris-Cl buffer (pH 7.0). The mixture was kept on ice for 2 h with occasional shaking. After the insoluble chitosan was removed by centrifugation, the supernatant was used as unbound protein fraction (U). The resulting precipitate was washed with the same buffer and then boiled for 3 min in the presence of 1% SDS. After removal of the insoluble chitosan by centrifugation, the resulting supernatant was used as the bound protein fraction (B). The proteins contained in each fraction were analyzed by SDS-PAGE with total proteins added initially (T). Bovine serum albumin (BSA) was used as negative control. (A) rCsnC, (B) rCsnCÁR3, (C) rR3, (D) BSA.
